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Abstract:
This Senior Project report outlines the design for our senior project under the Mechanical Engineering
department of California Polytechnic State University.
Insulated solar electric cookers (ISEC) are a relatively novel and exciting solution to the ethical,
environmental, and medical issues associated with the conventional cooking methods - burning of
biomass and charcoal - practiced in nonindustrial countries around the world. ISECs use solar energy
input from a solar panel to cook food within an insulated chamber and have been researched and
developed by Dr. Peter Schartz and his research group over the past several years. However, our target
users expressed the desire not only to cook directly with solar power during the day, but also to be able to
cook with ISEC in the evening. Essentially, they wanted a thermal “battery” that could be charged with
solar energy during the day and discharged to cook food in the evening. The goal of our senior project
was to design, implement, and test a solid thermal battery, which we will refer to as solid thermal storage
(STS), into ISEC.
After researching existing solutions and performing background research on our users' needs and wants,
we began ideating many possible solutions. We refined these solutions using decision matrices to weigh
our intended functions and concept prototypes. After converging our ideas to outline a design direction,
we began building structural prototypes to conduct specialized tests that helped us iterate the design to
better meet our requirements. We realized that our biggest design challenge was creating a heater that
could both store energy in our STS and allow that stored energy to transfer effectively through the heater
to our cookpot. After iterating upon our structural prototypes, we arrived at a verification prototype that
includes a heater disk, STS, and an actuation system implemented into an existing ISEC prototype. We
then performed a series of design verification tests to validate the effectiveness of our design. We found
that the charged STS is capable of cooking without input power, and the fluctuations in solar intensity are
dampened by the thermal mass of the heater. We also found that our heater disk was effective at cooking
directly with solar energy as opposed to stored energy cooking. Through our testing and analysis, we
believe that STS and our heater design should be further pursued by the ISEC team to utilize its benefits
in cooking applications.

Introduction:
The focus of our project is to modify the current Insulated Solar Electric Cooker (ISEC) design to
implement Solid Thermal Storage (STS) so that the ISEC can be used when there isn’t solar energy
available. This report merges together our four reports which were prepared separately. Part I includes the
Scope of Work, which is an official document to our sponsor letting him know that we understand and have
an initial process to solve the problem. Part II is the Preliminary Design Review, which documented our
design direction. Part III is the Critical Design Review, which provides the full details of our design and
our justification for it and lastly Part IV, the Final Design Review. This highlights our major design decision
since completing the Critical Design Review has been deciding on the heating and actuation system of the
ISEC. The manufacturing process is written out in depth so that members of the ISEC team can recreate
what we did if needed. The design verification section shows our testing process and the conclusions we
were able to draw from the results of the various tests that we ran.
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Abstract
This Final Design Review report outlines the manufacturing and verification of our Insulated Solar
Electric Cooker with Solid Thermal Storage design under the Mechanical Engineering department of
California Polytechnic State University. Around the world many people rely on combustion of biomass,
animal waste and trash to cook their meals. This practice is associated with several health, societal and
environmental issues. Thus, the goal of our project is continuing the development of a novel solution,
Insulated Solar Electric Cookers (ISEC). A research team based out of Cal Poly began work on this
technology and tasked our group with investigation and integration of Solid Thermal Storage (STS)
methodology. This needed to be general enough to be integrated into current prototypes as well as utilize
materials and processes assessable to the low income, underdeveloped communities of target users. Our
group undertook this project in fall of 2021 and have since employed an iterative design and test
procedure to arrive at this final design. Our final design is composed of several components that allow
users to either directly cook with or store thermal energy generated via a DC solar panel. Our team
designed and built solid thermal storage, aluminum cylinder stock; a heater disc that houses the heating
element, and interfaces with both a cook pot and STS to allow direct and storage cooking; and the
actuation mechanism that allows users to change the cooking mode. The updates to our design since the
Critical Design Review in February are explained in section 2. The manufacturing and assembly of our
final design, the heater and storage subsystem, are discussed in detail in section 3. Our prototype was then
tested to verify our final design capabilities against the design specifications from the Scope of Work. Our
design met our targets for operating temperature, heat time and boiling time. The thermal energy capacity
of our design may have met our specification but complications with testing resulted in significant
uncertainty in the design's capability. Overall, we believe that our project was a success and provides
valuable insights and design considerations that should be pursued by the research group. Difficulties
with this type of energy storage were encountered but not so much to halt further testing and development
of our design. We hope that our efforts contribute to the success of ISEC technology and supplement
traditional cooking methods for target communities.
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1. Introduction
This Final Design Report highlights our progress since the Critical Design Review and showcases
our final design. The biggest change has been deciding on the heating and actuation system of the ISEC.
The manufacturing section explains our part procurement, manufacturing instructions, and final assembly.
The instructions are written out in depth so that members of the ISEC team can recreate our design. The
design verification section explains our testing process and the conclusions we were able to draw from the
results of the various tests that we ran. Finally, we offer recommendations to Dr. Schwartz and the ISEC
research team on the use of our heater design and STS as a method of energy storage moving forward.

2. Design Updates

This section of our report shows the changes made to our system since the design outlined in our
CDR report. Through the creation of our second structural prototype, we experimented with different
actuation system designs and manufacturing methods, iterating until we reached our final verification
prototype.

2.1 Structural Prototype II

After creating our concept prototype for our Critical Design Review and receiving feedback from
our sponsor, faculty coach, and peers, we began manufacturing our second structural prototype. With this
prototype, our goal was to experiment with different actuation systems for our heater disk and figure out
the manufacturing process to fit our 3.2-ohm heating element.

2.1.1 Structural Prototype II Heating Disk
In our initial structural prototype, our heating element was longer than the diameter of our heating
disk, causing us to have to bend the element around the outside of the disk. To adjust for this, we altered
our initial structural prototype to include a U-shaped groove to fit the length required for our 3.2-ohm
heating element. Manufacturing of this new groove can be seen in Figure 1 below.

Figure 1: U-shaped groove for new heating element

We then attempted to re-bend our heating element from our initial structural prototype into our Ushaped groove. However, during this bending process, our heating element broke due to sheer stress. To
combat this, we used glass tape to connect the two segments together. After re-working the element into
our final shape, we tapped the heating element into our new groove. Our second structural prototype can
be found in Figure 2 below.
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Figure 2: Structural prototype #2 with U-shaped groove and heating element

While we were able to tap our heating element into our heating puck, the fiberglass tape used to
secure the break caused the element to stick out above the surface of the disk, which would lead to
ineffective heat transfer to our pot. Ultimately, we learned that a ball end mill to create a wider concave
slot would better fit our element, and that a continuous heating element would be essential for making
good heat transfer contact.

2.1.2 Structural Prototype II Actuation System

We also experimented with various methods of actuating our heating element onto and off our
solid thermal storage. Our first idea was to loop 1/16” steel cable through slots milled shown in Figure 3
into the bottom of our heating disk and hooking those cable loops to the outside of our pot.

Figure 3: Actuation method prototype 1
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The issue with this was that the wires and thermal paste would lessen the heater-STS interface,
which would worsen the performance. To overcome this, we then experimented with having wires
attached to the side of the heating disk with both eyebolts (Figure 4) and standard bolts (Figure 5).

Figure 4: Actuation method prototype 2

While this method ensured the actuation wires would not detach from the heater disk, we
determined that the increased diameter was not beneficial.

Figure 5: Actuation method prototype 3

We ultimately chose to use actuation method with the bolts shown in Figure 5. Their low profile
reduced the overall diameter of the heating element, which would reduce the size of our cookpot sleeve,
thereby reducing convective heat losses. The actuation cables are looped around the four bolts and
secured with wire stops. However, these wire loops would occasionally detach from underneath the bolts,
so washers were added to ensure they would be secure.
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Figure 6: Actuation method prototype 3 with washers

At the other end of these actuation wires, an S hook with one end crimped around the wire loop
allows users to raise the heater disk by hooking the wires to the ISEC housing. This puts the ISEC in
direct heating mode as seen in Figure 7.

Figure 7: Hooks on the actuation system for direct heating

Ultimately, we used our findings in creating this second structural prototype to inform the final
verification prototype design that we show in section 3, manufacturing, below.

3. Manufacturing

The following section describes our procurement, outsourcing, manufacturing, and assembly of our
design verification prototype.

3.1 Part procurement

The materials required for our final prototype are both sponsor, and student procured from local
and online vendors. The cooking/ housing subassembly is composed of:
•

Sponsor Procured
o Home Depot
4

•

3.1.1

 10-gallon galvanized steel trash bin with lid
 Rockwool, mineral insulation
 Aluminum Sheeting, 14 gauge
 Solar Panel, 100 watts
 20-18 Gauge Electrical connector kit (male/female)
 Firebrick
 #6 countersink nails
 Washers
 Wire stops
o Amazon
 High Temperature Fiberglass Insulated 18 – gauge wire
 Glass Cloth Electrical Tape,
 Insulated Electric Wire, 18 gauge
 PTFE heat shrink. 18 gauge
 Non-lead (Sn, Cu, Ag) solder
 Copper tubing, 1/8” diameter
 Thermal Switch (180 C)
 Thermal Switch (180C)
 Home oven heating element
o 6.5” diameter x 12” Aluminum 6061 Cylinder Stock, Online Metals
o 1.5 L Aluminum cookpot/cake mold flat bottom, eBay
Student Procured
o Muffler and Exhaust Repair Paste/Cement, AutoZone
o Steel Cable, 1/16-inch, Home Depot
o S-hooks, Home Depot

Disk Heater body:

a. A .45” thick section was cut off the Al cylinder stock with a horizontal band saw
b. Both sides of the disc were then faced using the manual lathe to a remaining thickness of
.42”, a smooth surface finish is imperative because these surfaces make up the thermal
interface and thus the ease of heat transfer between system components.

Figure 8: Turning of our Heater Disk
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c. The work piece was held using t-slot toe clamps to hold the piece atop two 1-2-3 blocks.
d. With a 1/4" diameter ball end mill, a .28” deep groove was cut into the surface of the
heater disc, the first pass was made at the specified geometry followed by a second pass
offset .02” to the inside of existing groove to allow the ~.265” diameter heating element
to fit snug.
i. This is the groove in which the electrical heating element will reside, thus be sure
that this groove can contain the entire length of the 3.2-ohm resistive heating
element.
ii. Be sure that the corners are rounded to save effort in the manipulation of the
electrical heating element.

Figure 9: Milling U-Shaped Groove for Heater Disk

Figure 10: Completed U-Shaped Groove

e. Drill five 1/8” holes 1” deep, four of which should be 90 degrees apart from each other
and straddling the groove cuts, these will facilitate the connection of the actuation wires
to the heating puck, and one in an arbitrary location for the thermocouple to reside in
while testing.
f. Break all sharp edges using a deburring tool and debur all rough edges within the groove
with a fine, chalked file.
6

3.1.2

Heating Element Manipulation

g. Using a hack saw cut off the manufacturer heating element connections.

Figure 11: Cutting Resistive Heating Element to Desired Resistance

h. Using a digital multimeter, DMM, measure the resistance of the entire heating coil
i. Be sure to measure the resistance of the inner nichrome wire (as opposed to the
exterior stainless-steel casing), and that both wires are in contact as most
elements have two nichrome wires in parallel.

Figure 12: Resistive Heating Element Wire Leads

i.

ii. Also, account for the internal resistance of the DMM and subtract that value from
each measurement for accurate measurement.
Calculate a rough unit resistance/ unit length ratio for the entire coil and cut a section 1.2
times your expected length based on the calculated ratio, measure the resistance with
DMM.
i. When cutting the heating element, carefully cut through the stainless-steel casing
and magnesium oxide insulative material only, leave the nichrome wire in the
center of the element intact and pull the casing of so that there is a good
nichrome wire lead sticking out each end. This can then be trimmed with wire
cutters. This allows for easier wiring when connecting this element to the circuit
later in the manufacturing process.
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j.

Trim the coil 0.25” - .5” at a time and measure resistance after each cut, repeat until the
resistance of your heating element is 0.1-ohm greater than the desired resistance, about
3.3-ohm.
k. Once the element is at the correct resistance, measure the length to inform the groove cut
in the heater puck body, and bend the heating element to fit into said groove.
l. After machining the groove into the disk heater, measurements were taken to locate the
bend points on the heating element.
m. With the points marked, the element is secured in the vice and the pipe is bent with a pipe
bender shown below.

Figure 13: Bending Resistive Heating Element Using Tube Bender

n. After shaping the element, it is ready to install in the heater disk groove.

3.1.3

Heater Puck Assembly

o. Wire Prep:
i. Two lengths, 6”, of high temp fiberglass insulated wire, were cut and stripped
insulation 3/8” off each end.
ii. On one end a female quick disconnector was connected, be sure that the bare
wire is completely contained in the insulated base of the quick disconnector.
iii. Two 1/2” pieces of 1/8” copper tubing was cut with the hack saw, deburred and
slid over the insulated wire on the end opposite the quick disconnect.
iv. High temp wire and the nichrome wire lead of the heating element were looped
together, the copper crimp sleeve was slid over the connection and crimped on
both sides of the junction leaving minimal exposed wire.
v. The entire junction was then insulated using the glass tape stainless steel heating
element casing to insulate this junction from conductive components of the
assembly.
p. Actuation Wiring
i. #6 countersunk screws with washers were self-tapped into the drilled holes
around the side of the heater disc.
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ii. Two sections of steel cable were cut and connected to the bolts using crimp
stops.
iii. Loops at the ends of the cable were made with crimp stops to attach S-hooks.
iv. S-hooks were bent to stay attached to actuation wires.

Figure 14: Completed Actuation System

q. Once the high temp wires had been connected to both ends of the heating element, it was
inserted into the groove in the Al disc this should be a slight interference fit so that the
element will not come loose the groove, in case of excessive clearance, especially in the
recessed corners, muffler paste was applied to underside of the heating element to hold it
in place.
i. Performing a dry fit and ensuring the heating element does not protrude from the
groove was imperative.
r. Once the heating element is installed in the Al disc, we performed a continuity check
with the DMM on the quick disconnectors with each other, this should be a closed circuit,
and from one connector to the Al disc and heating element casing, this should be an open
circuit.

Figure 15: Completed Heater Disk with Resistive Heating Element and Actuation System
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3.1.4

Solid Storage Manufacturing

1. The solid storage assembly was cut from a piece of 6061 Al cylinder stock.
2. A 4.5” block was cut off the Al cylinder stock using the horizontal band saw.

Figure 16: Horizontal Bandsaw cutting our Aluminum STS to length

3. Both faces of the block were turned to a smooth finish using the lathe.
4. A 1/8” diameter 1.5” deep hole was drilled into the STS for a thermocouple location for design
testing.

3.2 Housing and Energy Transmission Manufacturing

As our project’s scope is to incorporate Solid Thermal Storage within the existing ISEC devices
proposed by Peter Schwartz and the ISEC research team, the housing and energy transmission subsystems
of our design remain unchanged from previous versions.

3.3 Assembly of Subsystems

After manufacturing both heater puck and solid storage subassemblies, the following section will
detail how to incorporate these within the existing ISEC system.
1. Attach male quick disconnectors to the solar panel leads of the ISEC, these will interface with the
quick disconnects from the heater.
2. Insert the thermal storage assembly into the bottom of the ISEC, on top of the firebrick insulation.
3. Insert disk heater directly on top of thermal storage and connect male quick disconnectors from
the energy transmission assembly to female quick disconnects from the disk heater assembly.

3.4 Manufacturing Challenges:

During the manufacturing process of the second structural prototype and final prototype, we
discovered many challenges and learned lessons on how to better manufacture our design.
•
•
•
•

Bending heating element to shape
Fitting the element in the groove
Resistance in heating element (varying length)
Actuation alternatives and challenges
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•
•
•
•
•

Holding the workpiece
Manufacturing order of operations (workflow)
Self-tapping bolts
Access to the correct pot that does not have concave
Preventing nichrome wire from shorting

One of the first challenges we encountered when updating our design from the CDR was that the
resistance in the heating element was not proportional to length. This made it difficult to know how long
the element needed to be. Another challenge was bending and fitting the element into the groove. If the
heating element was bent too many times, it would break. For our final heater disc, we bent the heater
element to the groove so getting the element into the groove was easier than before.
Because the aluminum is softer than the bolts, we could tap the holes with the bolt threads if the
holes are the correct size. After trial and error, we found the correct drill bit size.

4. Design Verification

In this section we will outline our design verification tests, which we created and performed to
evaluate the performance of our design. We put our design verification prototype through a series of four
tests to assess its performance and ensure that it meets the required specifications listed in the spec sheet
found in our CDR. Each test was conducted in Peter Schwartz’ physics laboratory. The equipment and
PPE used includes the following:
•
•
•
•
•
•
•

Design Verification Prototype
DC Power Supply
1.5-liter aluminum cookpot
Thermocouple
Data Logger
Oven mitts
Safety glasses

Full test procedures for each of our four design verification tests can be found in Appendix A below.
Additionally, error propagation and uncertainty analysis for our first STS transient test can be found in
Appendix B. Finally, our completed DVP&R, a report outlining all our testing and results, can be found
in Appendix C.

4.1 Direct Water Boil Test

Our goal for the Direct Water Boil Test was to test the stability and usability of the actuation
system, find the time it takes to boil half a liter (0.5kg) of water in the direct cooking mode, and calculate
the power output of the heater to the cookpot. For this test, shown below in Figure 17, we actuated the
heater by connecting the actuation hooks on the housing so that it was raised off the STS. To assess the
usability, we switched between the cooking modes (direct and STS) many times to determine if it was
repeatable. To test the actuation systems’ stability, we placed the cookpot on the heater and applied firm
downward pressure while moving the pot around the heater. The system passed by not disconnecting,
breaking, or deforming, and by not damaging the heater wires. With the testing equipment set up per our
testing procedure, we connected the heater to the power supply and preheated it to 307°C before placing
the room temperature (23°C) pot of water on top. As we carefully placed the aluminum pot with a halfliter of water, we logged the temperature of the heater and the water until the water reached a boil.
11

Figure 17: Direct Water Boil Test Setup

Not shown in Figure 17 is the DC Power Supply (V=18V I=5.7A) connected to the heater, the
thermocouple used to display real-time temperature measurements, and the data logger used to capture
experimental data. The plot of the experimental data is shown below in Figure 18.

Figure 18: Direct Water Boil Test Data

From this test, we have determined that it takes approximately 16.5 minutes for the preheated disk
heater to boil half a liter of water. It should be noted that the aluminum cookpot also needed to be heated
12

up because it had the same initial equalized room temperature as the water. This aluminum cookpot has
0.394 kg of mass. Compared to the 0.5 kg of water, this is significant when considering the power output
from the heater to the pot.
To determine the maximum power output of the heater into the cookpot, we analyzed the transient
heat transfer in the first 1.75 minutes after the pot of water was placed on the heater. At this initial time
interval, the temperature gradient between these two components was the greatest, and therefore this is
when the power input to the pot was at a maximum. Using the equations Q = m*cp*ΔT and P = Q/Δt, the
analysis to calculate maximum power output is shown below in Table 1.
Table 1: Analysis to Calculate Maximum Heater Power Output

water
pot

Mass
[kg]
0.5
0.394

Specific
Heat, Cp
[kJ/kg C]
4.186
0.896

Temp.
Change, ΔT
[C]
28.4
28.4

Heat Input,
Q
[kJ]
59.44
10.02

Time,
Δt
[sec]
105
105

Max Power
Input
[kW]
0.566
0.0954

Table 2 below gives a summary of the desired parameters and specs from this test.
Table 2: Direct Water Boil Test Desired Parameters & Specs

Total Load Mass

Actuation System
Stability/Usability

[kg]
0.894

Time to Boil
[min]
16.5

Passed

4.2 STS Transient Test

Max Power Output
(Heater-cookpot)
[W]
661

For our STS Transient Test, our goal was to observe the temperature of our system during a transient
heat up process for our specified time window of 4 hours. Thermocouples were inserted into both the
heater disk and storage and recorded via a data logger before supplying the system with 100W from a DC
power source. An image of our experimental setup for this test can be seen in Figure 19 below.

Figure 19: Experimental Setup for our Transient Heat Up Test
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Our heater disk sits on top of our STS with no cookpot inserted, which ensures the maximum
amount of heat is transferred into the STS. Not shown in this image is our lid, which helps insulate the
system as well.
One specification we aimed to examine with this test is our systems steady state operating
temperature. However, we found that it would take far too long and too hot to allow the STS to reach
steady-state temperature, so we decided to measure the temperature after 4 hours of charging. Figure 20
shows a graph of temperature versus time of the heater and STS for this test.

Figure 20: STS Transient Heat Up Test Raw Data

We saw that the heater disk increased in temperature faster than the storage initially, before the two
reached a steady rate of temperature increase. As time increased, the heater and storage moved towards
thermal equilibrium as shown by the decreasing ΔT between the two.
This test showed that our storage was able to reach our specified 200°C in temperature during our 4.5hour time window, confirming our engineering spec #1. We also performed uncertainty analysis and error
propagation on this test, which can be found in Appendix B below.

4.3 STS Stored Energy Water Boil Test

To assess the ability of the STS to discharge its energy into the cookpot, we conducted an STS Water
Boil Test. For this test, we preheated the STS to 212C with the disk heater, then powered the heater off to
simulate the power decrease after sunset. We then placed the aluminum cookpot with half a kilogram of
water on the heater and logged the results using the same methods as our other DVP tests. Figure 21
below shows our experimental test setup for this test.
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Figure 21: STS Water Boil and Consecutive Water Boil Test Set Up.

Three thermocouples recorded temperature versus time data of the heater, storage and cookpot,
while another set of 3 thermocouples took live readings of these values. Our cookpot water started at an
initial value of 21.5C and reached a boiling point in 17.5 minutes after being inserted. Initial temperatures
from 0 to 1.5 minutes were not captured due to the time taken to insert thermocouples into the pot after
insertion, and time needed by the data logger to recognize a new channel was recording. These recorded
values of temperature and time are plotted in Figure 22 below.

Figure 22: STS Water Boil Test Raw Data
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After inserting our 0.5L pot of water, we saw a drastic decrease in heater temperature, as the energy
stored in the initially 220C heater disk was conducted at a high heat transfer rate to the 21.5C pot. After
this initial drop in heater disk temperature, we see the STS begin to send more energy back to the heater
disk, as the ΔT between the two decreases as time increases. Similarly, we see that as the ΔT between heater
and pot decreases, the rate of heat transfer decreases exponentially. This trend can be seen more clearly in our
following section which outlines our consecutive water boil test.

4.4 STS Consecutive Water Boil Test

The Consecutive Water Boil Test was similar to the STS Stored Energy Water Boil Test, except
when the water boiled, it was removed and another half kilogram of water at room temperature was
added. This process was repeated until the STS, heater, and water reached a thermal equilibrium. This
allowed us to estimate the total amount of heat transferred from the STS to the cookpot and water within.
The time and temperature profiles of the STS, heater and water were recorded every 15 seconds for the
duration of the test via the data logger. Our acceptance criteria specified more than two pots, 1kg of water
total, would be boiled in one hour or less.
From the Consecutive Water Boil Test, we found that the first 0.5L pot of water boiled in 17.5
minutes. The second 0.5L pot of water boiled in 42 minutes. Thus, our 1kg of water in 1 hour design
specification was met, with a total of 1kg of water boiled in 49.5 minutes. The third pot did not boil,
instead reaching a steady- state temperature of 77.7C in 54.25 minutes. The total amount of heat
transferred from the STS to the cookpot was estimated between 474 and 671 kJ. This wide range of
values is due to issues with our test that are discussed in section 4.5 below. As such, our design did not
pass the thermal energy capacity specification of 670kJ. From the Storage Testing Results, we found that
the output energy was between 474 – 671kJ.

Figure 23: Consecutive Water Boil Test Data

The heater and storage started at 212C and cooled until the steady state temperature of about 80C.
Two 0.5L pots of water were able to be boiled and the third pot reached 80C.
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4.5 Testing Challenges and Lessons Learned

The main challenge we faced during our STS stored energy and consecutive boiling testing was
that our pot was left in the ISEC even after boiling. The test procedure specified that the water reaches a
boil, 100C, before switching to the subsequent pot. However, thermocouple biases and the nature of
hardware prevented us from identifying when the water began to boil. Upon evaluating the data from the
automated logger, we identified the first 0.5L pot of water had been at 100C for over 15 minutes before
the team members ran this portion of the test. This led to difficulty quantifying the energy delivered
during boiling due to the phase change of water. Thus, in processing the data the 471-kJ value came from
a strict temperature change of a known mass of water assuming a constant specific heat and
underrepresents the energy capacity of our prototype. Meanwhile, the 671-kJ value assumed that the
power output just before boiling was constant throughout the boiling process and multiplied by the time
the water was held at 100C. This shabby assumption is the root of maximum estimate, rerunning the test
and correcting this error would be the best course of action for a better energy capacity estimation, the
corrective action is discussed below.
If we were to rerun this test, we would switch the water at 95C to avoid any latent heating effects.
Upon speaking with our sponsor, Cal Poly professor of physics Peter Schwartz, he recommended we
estimate the range of output energy using the method prescribed above. This process is not ideal but with
improved testing we potentially could have met our design specification.
During our design verification testing process, we realized that many of the tests we planned were
very time intensive. The time intensity of these tests shifted our testing plan to prioritize tests that would
help our sponsor compare our STS ISEC to other iterations of the device. This meant prioritizing the four
tests described above which analyzed the following test specs shown in Table 3.
Table 3: Engineering Specifications Tested During Design Verification

Spec #:

Specification Description

1
2
8
12

STS temperature
Time to boil 1L Water
Thermal energy capacity
Transient Thermal
Analysis
Solar Panel Power
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Requirement or
Target
250 C
1 hr
670kJ
4 hr

Tolerance

100W

Min

± 25 C
± 0.5 hr
± 50 kJ
Max

We hoped that by focusing our efforts on these specifications, we could help offer Dr. Schwartz
insight into whether to pursue STS as a method of energy storage for ISEC going forward.
This time intensity also caused us to make alterations to our DVP test procedures “on-the-fly".
For example, we had initially planned to attempt to boil 1L of water at a time during our direct boil, STS
stored energy, and consecutive water boil tests, but realized that using 0.5L of water would allow us to
perform more tests in a reasonable amount of time. Additionally, we had planned to measure our system’s
steady operating temperature after a transient heat up process. While we were expecting our STS to reach
our specified temperature of 250C in 4 hours of energy input, we realized that to reach a true steady state
temperature for the system would take far longer than our specified time window. Because of this, our
STS transient and subsequent stored energy water boil tests were altered to start once both our STS and
heater disk temperatures exceeded 200C instead of at steady state.
17

5. Discussion & Recommendations

Throughout our journey through the engineering design process to implement Solid Thermal
Storage into an insulated solar electric cooker, our team has learned many lessons and gained insights into
the feasibility and potential future for this energy storage method. The following section will outline these
insights and give recommendations for future work on STS for ISECs.

5.1 STS as a Viable Method of Thermal Storage

When comparing the three methods of thermal energy storage, including latent heat, sensible
heat, and thermochemical, solid thermal storage does not seem to be the most promising. Its inherent
disadvantages include its need for substantial thermal mass, contact surface sensitivity, high operating
temperature, relatively low energy density and high rate of heat loss. However, for the application in an
ISEC, solid thermal storage has its own advantages over phase change material (PCM) storage. Most
notably, solid thermal storage does not have the degradation issues faced by PCMs. We expect this
storage system to have a much longer lifespan and require minimal to no maintenance, potentially making
it a more reliable system. There is no risk of leakage, no need for vacuum chambers, accessible for target
communities and the system is overall more robust at this point in development. STS can be as simple as
adding extra mass to the pot or heater, which can be an easy way to mitigate the limitations of cooking
with solar power.

5.2 Design Improvements

Looking deeper into the subsystems of our design, there are improvements that can be made to
better meet the design requirements. The most challenging aspect of this design problem is not the
implementation of STS itself, but the ability to engage and disengage the storage. This introduces moving
parts and challenges with thermal contact. Most of the ideation, iteration, and testing process was
dedicated to designing the heater and actuation system to enable efficient direct and storage cooking. The
heater we designed for our final prototype allows for sufficient thermal contact between the STS, heater
and cookpot for both STS cooking, and direct cooking. However, this system is vulnerable to
contamination and damage that can increase the thermal contact resistance surfaces as well.
Our sponsor mentioned that supporting the heater from the bottom might be a more secure
method instead of lifting it from the sides. This could potentially stabilize the heater, but another key
challenge is ease of use. Our system is relatively easy to actuate given the restraints, but further
developments can be made to further ease the operation and stability of the actuated surface. Our user
manual in Appendix D.

5.3 Manufacturing For Target Communities

As stated previously, thermal contact between our STS, heater, and pot is critical for the success of
our design. Because of this, we utilized manufacturing processes (band sawing, milling and lathing) to
achieve smooth contact surfaces that might not be available to our target communities, which is a notable
disadvantage of this design. However, once these procedures are completed, final manufacturing
procedures such as bending and inserting the heating element and adding our actuation system can be
completed with relatively accessible tools in these communities. To see a full budget breakdown of the
cost of our system, see Appendix E.
It is worth noting that Michael Fernandez, a fellow researcher, explored the use of a thermal pad to
mitigate the need for good surface contact without advanced manufacturing processes [1]. This shows
promise but was not applied to our design.
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5.4 Moving Forward: Recommendations for ISEC Research Group

We believe solid thermal storage should be further pursued by the ISEC team to utilize its
benefits in cooking applications. Solid thermal storage itself can be implemented very simply, in a cost
and time effective fashion. Our heater design by itself, about 0.6kg of aluminum, serves as a form of heat
storage that can help reduce variability in heat delivery due to nonuniform solar panel power input. This
can improve cooking performance without significantly increasing the time to reach cooking
temperatures. This heater design is also more robust than the current nichrome wire and refractory cement
heater. If more storage capacity is desired, investigating larger heater discs that permit more storage. Our
design has shown promise; however, development of the actuation mechanism is recommended.
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Appendix A: Design Verification Test Procedures
Direct Water Boil Test Procedure
Team: F53 - ISEC STS
Test Name: Direct Water Boil Test
Purpose:
Evaluate ability of verification prototype to meet following design specifications:
•
•
•
•

Test actuation system
Time to boil 0.5L (0.5kg) of water directly
Temperature data to derive empirical thermal resistances between pot and heater
Thermal efficiency of heater

Scope: (Defines what feature or function the test is for)
•
•

Disk Heater’s ability to heat up quickly
Disk Heater’s ability to efficiently transfer heat to cookpot

Equipment: (List of equipment necessary)
•
•
•
•

ISEC with actuation and heater systems
Thermocouples
Data Logger
DC Power supply

Hazards: (list hazards associated with the test)
•
•

Burn hazard
o Hot cookpot and disk heater assembly
o Steam during water boil
Electrical/shock hazard
o DC power supply to heater system

PPE Requirements: (e.g., safety goggles, respirators)
•
•

Safety glasses
Oven mitts (hot gloves)

Facility: (Where the test should occur)
•

Physics Lab (Building 53 – Room D13)

Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1) Connect Data Logger and Thermocouples
a) Place two more thermocouple leads into the bottom of the cookpot, insert one into
channel 2 on the data logger and the other into the thermocouple reader for
real time temperature data
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b) Place another thermocouple lead in the hole located on the disc heater and plug it
into channel 3 of the data logger
c) Turn on the Data Logger, double check and record which channels correspond to
which leads and their respective components (heater, cookpot), verify each
thermocouple is inserted into the data logger with the correct polarity and each
one responds to temp increase (pinch each lead before use and ensure it
changes its readout)
2) Prepare ISEC
a) Ensure actuation cables are secure in Disk Heater
b) Ensure Heater wires go through the insulation and out the top of the ISEC w/o slack
c) ACTUATE disk heater
i) Hook actuation hooks onto insulation sleeve
ii) Ensure wires are not prone to pinch points
iii) Ensure Disk Heater is stable by applying downward force
d) Fill cookpot with 0.5 kg of water
e) Place cookpot on actuated Disk Heater
f) Close ISEC lid and ensure seal by inspection
3) Connect ISEC heater to DC Power Supply
a) Make sure DC Power Supply is off
b) Connect Power Supply leads to Heater wires
c) Turn on Step up/down transformer
d) Turn on DC power supply and input voltage and current set points to 18V and 6A
respectively
e) Press the “Output On/Off” button to supply power to the circuit at the present
settings
f) record actual current and voltage values provided by DC power supply every 30 min
to ensure consistent power delivery
4) Monitor heater / cookpot heat up
a) Check and record thermocouple in excel at 10 min intervals (redundancy)
b) Ensure safe operation, monitor any sights or smells that would indicate ignition of
assembly materials, maintain use of safety glasses and hot mitts while
interacting with powered assembly, ensure all electrical connections are
insulated
c) When cookpot water temperature reaches 100 C, wait 1-2 minutes before removing
lid and visually checking for boiling
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d) Record time
5) Cool Down
a) Turn off the DC power supply
b) Let ISEC cool with the lid off until it is safe to touch

Results:
Pass/Fail Criteria for n=1 test sample
•
•
•

Actuation system is unstable and unreliable
0.5 kg of water in cookpot takes > 30 minutes to reach a boil
Disk Heater fails during use due to electrical short broken/failed thermal switch/fuse

Planned Test Date(s): Week 4 of Spring quarter
Test Results:
Time to Boil 0.5kg
Water
[min]

Cookpot Steady State
Temperature
[°F]

Disk Heater Steady
State Temperature
[°F]

Performed By: ISEC STS Team
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STS Steady State Temperature Test Procedure
Team: F53 - ISEC STS
Test Name: STS Steady State Test
Purpose:
Evaluate ability of verification prototype to meet following design specifications:
•
•

Steady state temperature of STS
Time for STS to reach steady state temperature

Scope:
•

Thermal storage’s ability to retain heat

Equipment:
•
•
•
•

ISEC with STS
Thermocouples
Data Logger
DC Power supply

Hazards:

Burn Hazard

Electrical/ Shock hazard

o

Hot cookpot and STS
assembly
Steam during water boil

o

Wiring

o

PPE Requirements:
•
•

Safety glasses.
Oven mitts (hot gloves)

Facility:
•

Physics Lab (Building 53 – Room D13)

Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1) Connect Data Logger and Thermocouples
a) Insert two thermocouple leads into the hole in the STS, one will go into the Data
logger channel 1, the other will be hooked up to a thermocouple reader for real time
temperature data (this is because the data logger readout is not active while it actively records
data)
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b) Place two more thermocouple leads into the bottom of the cookpot, insert one into
channel 2 on the data logger and the other into the thermocouple reader for real time
temperature data
c) Place another thermocouple lead in the hole located on the disc heater and plug it
into channel 3 of the data logger
d) Turn on the Data Logger, double check and record which channels correspond to
which leads and their respective components (STS, heater, cookpot), verify each thermocouple
is inserted into the data logger with the correct polarity and each one responds to temp increase
(pinch each lead before use and ensure it changes its readout)
2) Prepare ISEC
a) Ensure STS rests flat on fire brick
b) Place Disk Heater flat on STS
c) Ensure Heater wires go through the insulation and out the top of the ISEC w/o slack
d) Leave cookpot out of ISEC and fill it with 1 kg of water, set aside
e) Close ISEC lid
2) Connect ISEC heater to DC Power Supply
a) Make sure DC Power Supply is off
b) Connect Power Supply leads to Heater wires
c) Turn on Step up/down transformer
d) Turn on DC power supply and input voltage and current set points to 18V and 6A
respectively
e) Press the “ON” button to supply power to the circuit at the preset settings
f) record actual current and voltage values provided by DC power supply every 30 min to
ensure consistent power delivery
3) Monitor ISEC / STS heat up
a) Check and record thermocouple in excel at 10 min intervals, STS temperature should
increase and reach steady state in ~4 hours
b) Ensure safe operation, monitor any sights or smells that would indicate ignition of
assembly materials, maintain use of safety glasses and hot mitts while interacting with powered
assembly, ensure all electrical connections are insulated
4) Clean up
a) Use oven mitts to remove STS
b) Disconnect all wires and put all materials away
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Results:
Pass/Fail Criteria for n=1 test sample
•

STS reaches 300C in 4 hours

Planned Test Date(s): Week 2 of Spring quarter
Test Results:
STS Steady State
Temperature
[°F]

Time to reach Steady
State
[hours]

Performed By: ISEC STS Team
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STS Stored Energy Water Boil Test Procedure
Team: F53 - ISEC STS
Test Name: STS Stored Energy Water Boil Test
Purpose:
Evaluate ability of verification prototype to meet following design specifications:
•
•
•

Time to boil 0.5kg of water using Stored Energy
Temperature data per component to derive empirical thermal resistances for
analytical/numerical modeling
Thermal efficiency of heater

Scope:
•

Disk Heater’s ability to efficiently transfer stored energy from STS to cookpot to heat food

Equipment:
•
•
•
•

ISEC with STS
Thermocouples
Data Logger
DC Power supply

Hazards:
•
•

Burn hazard
o Hot cookpot and STS assembly
o Steam during water boil
Electrical/shock hazard

PPE Requirements:
•
•

Safety glasses
Oven mitts (hot gloves)

Facility:
•

Physics Lab (Building 53 – Room D13)

Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1) Connect Data Logger and Thermocouples
a) Insert two thermocouple leads into the hole in the STS, one will go into the Data
logger channel 1, the other will be hooked up to a thermocouple reader for real time
temperature data (this is because the data logger readout is not active while it actively records
data)
b) Place two more thermocouple leads into the bottom of the cookpot, insert one into
channel 2 on the data logger and the other into the thermocouple reader for real time
temperature data
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c) Place another thermocouple lead in the hole located on the disc heater and plug it
into channel 3 of the data logger
d) Turn on the Data Logger, double check and record which channels correspond to
which leads and their respective components (STS, heater, cookpot), verify each thermocouple
is inserted into the data logger with the correct polarity and each one responds to temp increase
(pinch each lead before use and ensure it changes its readout)
2) Prepare ISEC
a) Ensure STS rests flat on fire brick
b) Place Disk Heater flat on STS
c) Ensure Heater wires go through the insulation and out the top of the ISEC w/o slack
d) Leave cookpot out of ISEC and fill it with 3 kg of water, set aside
e) Close ISEC lid
2) Connect ISEC heater to DC Power Supply
a) Make sure DC Power Supply is off
b) Connect Power Supply leads to Heater wires
c) Turn on Step up/down transformer
d) Turn on DC power supply and input voltage and current set points to 18V and 6A
respectively
e) Press the “ON” button to supply power to the circuit at the preset settings
f) record actual current and voltage values provided by DC power supply every 30 min to
ensure consistent power delivery
3) Monitor ISEC / STS heat up
a) Check and record thermocouple in excel at 10 min intervals, STS temperature should
increase and reach steady state in ~4 hours
b) Ensure safe operation, monitor any sights or smells that would indicate ignition of
assembly materials, maintain use of safety glasses and hot mitts while interacting with powered
assembly, ensure all electrical connections are insulated
c) When the STS temperature reaches steady state, prepare for water boil
4) Boil Water
a) Record temperature and time of steady state STS operation
B) Power off DC Power Supply with power supply commands, do not manually
disconnect leads SHOCK HAZARD
heater

b) Remove ISEC lid and place cookpot with water into ISEC assembly on top of the disk
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i) Ensure no wires are pinched between components
d) Re-place cook pot and ISEC lid
e) Check and record thermocouple readings from manual reader to ensure water is
warming/STS is cooling
boiling.

f) Once the thermocouple reads 100C, wait 1-2 minutes and visually verify water is

Results:
Pass/Fail Criteria for n=1 test sample
•
•
•

STS Takes >4 hours to reach steady state temperature
0.5 kg of water in cookpot takes >1 hour to reach a boil
Puck Heater fails during use due to electrical short broken/failed thermal switch/fuse

Planned Test Date(s): Week 4 of Spring quarter
Test Results:
STS Steady State
Temperature
[°F]

STS Final Temperature
[°F]

Heater Steady State
Temperature
[°F]

Heater Final
Temperature
[°F]

Cookpot Steady
State Temperature
[°F]

Cookpot Final
Temperature
[°F]

Time to Boil 3 kg of Water
[min]

Performed By: ISEC STS Team
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STS Consecutive Water Boil Test Procedure
Team: F53 - ISEC STS
Test Name: Consecutive Water Boil with STS Test
Purpose:
Evaluate ability of verification prototype to meet following design specifications:
•
•

Time to boil 1 L (1kg) of water via storage heating
o Energy output of thermal storage assembly
Energy Storage Capacity of thermal storage assembly

Scope:
•

Disk Heater’s ability to conduct stored energy from STS to cookpot

Equipment:
•
•
•
•
•
•

ISEC with STS
Thermocouples (5)
Data Logger, 4 channel
Digital Thermocouple reader
DC Power supply
Boiling Water Receptacle (sink)

Hazards:
•

•

Burn hazard
o Hot cookpot and STS assembly
o Steam during water boil
o Splashing boiling water from pouring
Electrical/shock hazard

PPE Requirements:
•
•

Safety glasses
Oven mitts (hot gloves)

Facility:
•

Physics Lab (Building 53 – Room D13)

Procedure:
1) Data collection Set Up
a) Insert two thermocouples into the STS (drilled hole)
i) The first will go into the Data logger channel 1
ii) The other will be hooked up to a thermocouple reader for real time temperature data (this
is because the data logger readout is not active while it actively records data)
iii) When plugging in leads ensure the polarity of each pug is in the correct orientation
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b) Place two thermocouple leads into the bottom of the cookpot
i) Insert one into channel 2 on the data logger
ii) Insert the other into the thermocouple reader for real time temperature data
iii) When plugging in leads ensure the polarity of each pug is in the correct orientation

c) Place one thermocouple lead in the hole located on the disc heater and plug it into channel 3 of
the data logger
i) When plugging in leads ensure the polarity of each pug is in the correct orientation
d) Verify datalogger and thermocouple setup
i) Turn on the Data Logger verify function of it and thermocouples
ii) Double check and record which channels correspond to which leads and their respective
components (STS, heater, cookpot)
iii) Verify each thermocouple is inserted into the data logger with the correct polarity and each
one responds to temp increase (pinch each lead before use and ensure it changes its
readout)
iv) Confirm data logger is equipped with SD card with available memory
2) Prepare ISEC
a) Assembly Components
i) Place STS atop fire brick and heater disc atop STS
(1) Ensure Interfaces are flat, free of debris
3) Heat STS
a) Ensure Heater wires go through the insulation and out the top of the ISEC w/o slack
b) Connect DC power supply clips to ISEC circuit leads
c) Turn on Data logger
d) Set DC power supply to 18 V and 6 A and turn power on to system

4) Manual Data Collection and Monitoring
a) Monitor real time thermocouple reader to ensure steady heat increase of system components
i) Manually record STS and heater temperatures in excel every 10 minutes
(1) This data should be plotted in real time so that one might actively track the systems
convergence to steady state operation (~4 hours)
ii) Manually record voltage and current every 30 minutes from the DC power source to confirm
system is receiving spec power of 100W
b) Ensure safe operation
i) Monitor any sights or smells that would indicate ignition of assembly materials
ii) Maintain use of safety glasses and hot mitts while interacting with powered assembly
iii) Ensure all electrical connections are insulated
c) DC power off
i) Real time thermocouple data from STS should be monitored to identify steady state
operation
ii) Once the STS temperature gradient has leveled off, prepare cookpot with water
iii) Power off DC power source
5) Consecutive boil tests, the following steps will be repeated until STS is unable to boil water
a) Insert the cook pot with 1 L of water into ISEC
i) Record the time at this happens
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ii) Quickly replace ISEC lid on to assembly
b) Monitor the thermocouple reader
i) When it reaches 100C, record the time when this happens
ii) Allow the cook pot to remain in the ISEC for another until the water is boiling (about 2 min)
c) Subsequent water boil test
i) Replace the cookpot with boiling water with another with 1 L of room temperature water
ii) Remove thermocouples from cookpot with boiling water, pour out boiling water and replace
with room temp water, reinsert cookpot into ISEC and thermocouples into cook pot for
consecutive run
iii) Repeat steps a), b) and c) until ISEC is unable to boil water
iv) This step should be completed with proper PPE and caution to prevent burns via the
cookpot or steam
Results:
Temperature history for STS, heater, and cookpot for duration of the test. This data can be used in
conjunction with the measured systems parameters to calculate the following parameters empirically:
•
•
•

Usable/transferred energy storage capacity of STS at steady state temperature
Thermal contact resistance from STS to heater and heater to STS for passive heating
Amount of 1L water samples can be boiled via passive heating from steady state STS
temperature

Planned Test Date(s): Week 4 of Spring quarter
Test Results:
STS Steady State
Temperature
[°F]

Thermal Energy
Stored in STS
[W]

Heater Puck Steady
State Temperature
[°F]

Time to Boil each 1 kg of Water
[min]

Performed By: ISEC STS Team
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Cookpot Steady
State Temperature
[°F]

Time to reach
Steady State
[min]

Appendix B: Testing Error Propagation and Uncertainty Analysis
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Appendix C: Design Verification Plan and Report (DVP&R)

C-1

Appendix D: User Manual
This user’s manual includes instructions for product use and important safety information. Read
this manual before using the product.
ISEC = Insulated Solar Electric Cooker
STS = Solid Thermal Storage
1) Safety Hazards
Warning: Burn Hazards via cookpot, heater puck, thermal storage assembly and steam. Electrical
Hazard with the leads and wiring.
PPE (Personal Protective Equipment): Oven mitts
The following instructions provide all the information necessary to use the ISEC.
2) Steps
Setting up solar panel:
Find an ideal place to install your solar panel, where the daily average sun exposure is
maximized.
To POWER ON the ISEC, connect both leads of the solar panel to the leads of the ISEC (shown
below).

To POWER OFF the ISEC, disconnect at least one lead.
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IN CASE OF EMERGENCY cover the solar panel with a cloth or flip it over so that the ISEC
does not receive power.

Two Cooking Modes
DIRECT COOKING: with high sun exposure for faster heat up.
STS COOKING: cooking with less sun exposure at higher temperatures from heat stored in the
solid thermal storage.
Direct cooking: Use the cables to pull up the heater disc and hook them to the outside of
the ISEC. The disc should not be touching the STS.
Storage cooking: Remove the cables from the hook so that the heater disc is resting on
top of the STS. Leave ISEC on for at least 4 hours during the day to heat up the STS.
Cleaning:
The heater puck and solid thermal storage should be cleaned regularly to ensure the best heat
transfer in between system components. Critical surfaces include the top of the solid thermal
storage, both sides of the heater puck and the bottom of the cookpot. These surfaces should be
cleaned of any food debris and dust. To clean, first make sure that system components have
cooled to room temperature. Remove the heater puck by unhooking actuation cables and lifting it
out by those same cables. Disconnect the heating element from the circuit at the quickconnectors between the high-temp fiberglass insulated wires and the ordinary insulated electrical
wires. Next remove solid thermal storage from the ISEC. Using dish soap and a soft sponge wash
the critical surfaces to remove food debris, dust and other surface build ups. For cooked on food
residue, allow the surface to soak in soapy water for 30 minutes, then scrape with plastic utensil
and wash with soap and sponge again.
Surface 1 – top of STS

Critical Surfaces for ISEC Cleaning
Surface 2 – top of heater
Surface 3 bottom of heater
puck
puck
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3) Parts List
Home Depot
▪ 10-gallon galvanized steel trash bin with lid
▪ Rockwool, mineral insulation
▪ Aluminum Sheeting, 14 gauge
▪ Solar Panel, 100 watts
▪ 20-18 Gauge Electrical connector kit (male/female)
▪ Firebrick
▪ #6 countersink nails
▪ Washers
▪ Wire stops
▪ S-hooks
▪ Steel Cable, 1/16-inch
Amazon
▪ High Temperature Fiberglass Insulated 18 – gauge wire
▪ Glass Cloth Electrical Tape,
▪ Insulated Electric Wire, 18 gauge
▪ PTFE heat shrink. 18 gauge
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▪ Non-lead (Sn, Cu, Ag) solder
▪ Copper tubing, 1/8” diameter
▪ Thermal Switch (180 C)
▪ Home oven heating element
▪ 6.5” diameter x 12” Aluminum 6061 Cylinder Stock, Online Metals
▪ 1.5 L Aluminum cookpot/cake mold flat bottom from eBay
▪ Muffler and Exhaust Repair Paste/Cement, AutoZone
4) Troubleshooting Guide
•
•

If the pot is not heating up as fast as it should, check that the STS surface, both sides of
the heater disc, and bottom of the pot are clean, and that good contact is being made.
Run a continuity check with a multimeter between the quick disconnect and pot, heater
disc, and STS.
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Appendix E: Final Project Budget
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